Abstract-The metamaterial-enhanced resistive wall amplifier (ME-RWA) has been shown to be capable of producing large gains over wide bandwidths. Previous theoretical investigation of the ME-RWA focused on an idealized case using a homogenous dielectric with Drude dispersion to provide the negative permittivity required to achieve high gains. This paper reports the results of investigating practical metamaterial implementations with approximate Drude-type responses that enable the realization of a ME-RWA. Using these metamaterials, an architecture for a ME-RWA using periodically spaced inductive meandered lines is proposed. Our theoretical analyses and particle in cell simulations of this device predict that the proposed technique provides a practical method of implementing ME-RWAs, capable of providing a large gain over a substantial bandwidth.
I. INTRODUCTION
H IGH-POWER microwaves (HPMs) continue to have applications in medicine, electronic warfare and countermeasures, scientific research, and communication systems. For many high-power applications, vacuum electron devices (VEDs) are often the most cost effective, efficient, and reliable sources and amplifiers. Nevertheless, the number of device options for very high-power, wideband, amplifiers is limited. The resistive wall amplifier (RWA) is a VED that is theoretically capable of HPM amplification with a bandwidth larger than many commercially available devices. However, RWA performance is significantly reduced when constructed with conventional lossy dielectrics [1] , [2] .
Previous work has demonstrated that the addition of epsilon negative (ENG) metamaterials significantly enhances the performance of the RWA [3] . The study reported in [3] assumes a homogeneous Drude-type metamaterial layer in theoretical analysis and in particle in cell (PIC) simulations. This paper reports the results of an investigation of a metamaterial structure that can be used to construct a metamaterial-enhanced RWA (ME-RWA). We have created a metamaterial liner that exhibits the desired ENG properties and conforms to the physical constraints of a planar ME-RWA. The dispersion and gain of the ME-RWA structure have been simulated and both agree well with theoretical models.
II. PARALLEL PLATE ANISOTROPIC ME-RWA For simplicity, in this paper, we reduced the 3-D (cylindrical) problem investigated in [3] to an infinitely wide parallel plate, 2-D situation. This simplification reduces the complexity of the theoretical model, and more importantly, it significantly reduces the simulation time of the metamaterial structures in both full wave electromagnetic (EM) and PIC simulations. Fig. 1 presents a pictorial representation of the parallel plate ME-RWA, where the structure is infinite in the y-direction.
Although an unlined parallel plate waveguide does allow for the propagation of a transverse electromagnetic (TEM) wave at all frequencies, the TEM waves are not of concern, because they cannot couple to the electron beam effectively. However, the transverse magnetic (TM) modes that the parallel plate waveguide supports have a longitudinal electric field component that can couple to the electron beam. The cutoff frequencies of these TM modes, however, are inversely proportional to the separation between the two plates. In this paper, the parallel plate spacing was set, so that the cutoff frequency was at least a factor of 2 greater than the operating frequency.
An ME-RWA in a planar configuration has plane symmetry. Therefore, the equation used to determine the space charge wave numbers is obtained as
Equation (1) is presented in [2] , where
and
β is the phase constant in the assumed solution form of e j (ωt −βz) , k 0 is the free space wavenumber, β e is the wavenumber of the electron beam, β p is the plasma wavenumber, ω p,beam is the plasma frequency of the electron beam, η is the electron charge to mass ratio (−1.76 × 10 11 ), u 0 is the dc velocity of the beam, V 0 is the beam voltage, i 0 is the dc current density of the electron beam, and ε 0 is the permittivity of free space. Y input is the admittance of the wall as seen by the electron beam and is discussed in more detail in Appendix A. For the ME-RWA configuration, it is desired that the lossy metamaterial liner exhibits ENG properties where the permittivity is negative but the permeability is positive. One method to represent ENG materials is to use a Drude dispersion model. Using the Drude dispersion model, the relative permittivity that the metamaterial shell exhibits can be calculated using
where ε r is the relative permittivity of the dielectric, ω p is the plasma frequency of the Drude dispersion model, ω c is the collision frequency of the Drude dispersion model, and ω is the frequency of operation. The permittivity of the liner is used to determine the admittance of the wall as seen by the electron beam, Y wall (Appendix A). Previous work focused on solving (1)- (8) with an isotropic liner. However, because many metamaterial structures exhibit anisotropic dielectric properties, we examined how this anisotropy changes the gain of the ME-RWA. We examined various combinations of the anisotropy and found that for the structure to support a growing space charge wave, it is necessary for the liner to have a negative permittivity in the x-direction. It was also found out that the permittivity of the liner in the z-direction does not have to be negative.
It is then possible to solve (1)-(8) and the equations in Appendix A for the situation when the liner is an isotropic ENG liner (ε x = ε z = ε r ) and compare that to the case where Theoretical gain of a planar ME-RWA with an isotropic and anisotropic liner. For these calculations, the beam voltage was 20 kV and had a current of 1 A, d 1 = 10 mm, d 2 = 15 mm, and b = 8.7 mm, from Fig. 1 . For both the cases, the plasma frequency of the liner was 3 GHz, and the collision frequency was 0.2 GHz. The isotropic liner used the permittivity of (8) for both the x-and z-direction relative permittivity. The anisotropic liner had a permittivity of free space in the z-direction and permittivity of (8) for the x-direction.
the liner is anisotropic, with a negative permittivity only along the x-direction (i.e., ε x = ε r ; ε z = ε 0 ). Fig. 2 shows the gain rate of this planar device with the two different liners. Observe that the anisotropic liner has a narrower bandwidth of operation but an increased peak gain rate. The increased gain rate and narrower bandwidth are a result of different wall admittances. An anisotropic liner has a wall admittance that is more inductive but is inductive over a narrower frequency range.
III. ANISOTROPIC DRUDE LINER USING PERIODICALLY SPACED INDUCTIVE MEANDERED LINES
Having established that only a negative permittivity along the x-direction is necessary for obtaining large gain, we examined possible metamaterial structures that can provide x-directed ENG properties and also conform to the physical dimensions of the liner structure. We examined a wire grid loaded with lumped elements and a meander line element structure.
A. Wire Grid With Lumped Elements
Wire grid structures have been shown, both theoretically and experimentally, to approximate a Drude-type dispersion model at wavelengths much longer than the wire spacing [4] , [5] . In the planar ME-RWA configuration examined here, we desired a metamaterial layer with an ENG response in the x-direction. A corresponding anisotropic wire "grid" would be a periodic array of vertical wire segments, aligned along the x-axis and periodically spaced along the y-and z-dimensions, as shown in Fig. 3 .
One of the practical challenges of a wire grid-based (or wire array-based) ME-RWA is satisfying the competing requirements of the wire spacing. On the one hand, a metamaterial 2-D array of loaded parallel wires that is known to provide Drude-type dispersion and may be a practical metamaterial structure for an experimental ME-RWA device. Red squares: periodically loaded lumped element components. The addition of lumped element inductors reduces the emulated plasma frequency of the structure.
(continuous-medium-like) response is only achieved for wires spacing much less than the wavelength of the wave. In an RWA, the disturbance to be amplified is a beam density perturbation, for which the wavelength is approximately
where u 0 is the velocity of the electron beam. Therefore, we need the wire spacing to be significantly smaller than λ e , i.e., a/λ e 1. In particular, to approximate a continuous Drudelike medium dispersion, the wire elements in a metamaterial array need to be spaced less than or equal to approximately one-tenth of a wavelength [4] . On the other hand, for large ME-RWA gain, it can be shown that the effective plasma frequency of the metamaterial liner, ω p,eff , needs to be close to, but slightly greater than, the operating frequency of the device. This results in a permittivity that is negative but near zero, i.e., ω p,eff /ω ≈ 1.5 − 4. From results in [4] , one can calculate
where c 0 is the speed of light, a is the spacing between wires, and r is the wire radius. From (10), we see that ω p,eff /ω scales inversely with a/λ e and depends on the magnitude of the normalized velocity, u 0 /c 0 . For a nonrelativistic beam, the metamaterial requirement of a/λ e 1 can cause ω p,eff /ω 1, resulting in weak gain. Knowing that lower voltage (mildly relativistic) electron beam HPM VED designs provide advantages for the power supply design requirements, we conclude that it would be advantageous to identify a method to decrease the wire array (or grid) ω p,eff without increasing the wire spacing a.
Smith et al. [6] demonstrated that it is possible to lower the effective plasma frequency of the wire grid (array) structure, while maintaining a given wire spacing, if small loops are added to the wires, effectively increasing the inductance of the wires [6] . Tretyakov [7] performed a more thorough investigation of this topic by adding a lumped LC element to the wire grid structure and deriving an analytic effective permittivity [7] . Fig. 3 shows a pictorial representation of what a periodically loaded wire grid structure might look like for uniaxial anisotropic ENG behavior.
To evaluate the effective permittivity of the metamaterial containing wires with lumped elements, Tretyakov [7] assumed a spacing of the lumped element significantly smaller than the wire spacing, which permits representing the lumped elements as a uniformly distributed impedance per unit length of the wire [7] . In particular, if the lumped elements are parallel LC circuit loads, the effective permittivity can be described as [7] 
where
where L and C are the inductance and capacitance of the lumped element, ω is the frequency, μ 0 and ε 0 are the permeability and permittivity of free space, a and b are the wire spacing in the z-and y-directions, respectively, and r 0 is the radius of an individual wire. Fig. 4 presents the normalized effective plasma frequency versus normalized wire spacing for two additional grid configurations (dashed lines). Each of these curves corresponds to the effective plasma frequency of a wire grid with lumped element inductance added to each wire (inductance values are specified in the figure caption).
The results displayed in Fig. 4 confirm that increasing the inductance of the wire elements allows one to realize an adequately low effective plasma frequency while maintaining an adequately small element spacing, even for nonrelativistic electron beams.
We have followed on the work of Smith et al. [6] and Tretyakov [7] , but instead of using loops (which require an axial "depth" to the wire element) or lumped elements (which requires laborious construction and questionable vacuum compatibility), we have implemented a meander line element to increase the effective inductance of the wire grid structure and reduce the effective plasma frequency.
B. Meander Line Elements
To achieve a negative permittivity in the x-direction using a meander line circuit, the meander should sit in the xy plane with its ends at different x-values. Fig. 5 shows an example meander line structure. To the best of our knowledge, an exact, closed form equation for the inductance and capacitance of a meander line circuit is not known, but estimated formulations can be found in various sources, such as [8] and [9] . In addition to using the approximate equations, numerous eigenmode and full wave simulations were conducted to determine the appropriate meander line dimensions necessary to replicate the results of the wire array with lumped elements.
While a meander line structure may not be the optimal choice for an megawatt (MW) level high-power amplifier, it provides us with a practical realization for experimental and computational study of an ME-RWA. Additional work outside the scope of this investigation will be necessary to determine the power handling limits of this design and compare it with other ENG implementations.
To determine the effective permittivity of the meanderline-based metamaterial, we used the computational method developed by Smith et al., [10] where the S-parameters of a unit cell of the metamaterial are simulated and then used to calculate the medium's effective permittivity [10] . The specifics of the method used to convert the S-parameters to the permittivity are not included here. However, the basic procedure uses the reflection and transmission coefficients (Sparameters) of the unit cell and converts those to an effective refractive index (n) and impedance (z). The index of refraction and impedance can then be used to compute the effective permittivity using the equation [10] 
Fig . 6 presents the extracted real part of the effective permittivity of the computationally modeled meander line structure shown in Fig. 5 and compares it with the effective permittivity predicted by the analytic Drude dispersion model of (8) , with ω p = 2.05 GHz and ω c = 1 Hz. For the illustrative results shown in Fig. 6 , the width of the meander element was 15 mm, the linewidth of the meander was 0.15 mm, the gap in the meander path was 0.6 mm, and the meander lines had a periodicity into the z-dimension of 4 mm and a 25 mm period in the y-dimension.
Our meander-line wire array configuration will have an anisotropic response. The effective permittivity presented in Fig. 6 will only be valid for the direction of the applied electric field used in the characterization simulations. In this case, the applied electric field was vertical (x-oriented), to the structure shown in Fig. 5 . Therefore, when this meander is placed in the planar configuration shown in Fig. 1 , the meander line elements will only introduce a negative permittivity in the x-direction, ε x .
IV. DISPERSION DIAGRAM OF PARALLEL PLATE WAVEGUIDE LOADED WITH PERIODICALLY SPACED INDUCTIVE MEANDERED LINE METAMATERIALS
In a traditional RWA, the beam tunnel size is selected, such that the tunnel is cutoff to TM EM waves to prevent traveling waves that can interfere with the resistive wall amplification mechanism. In this paper, we desired to add an ENG liner to the beam tunnel structure to greatly enhance gain. However, when an ENG liner is introduced to a waveguide, as discussed in this paper, a new EM mode arises. This mode has a passband that is below the cutoff frequency of the unlined waveguide [11] . The presence of this EM wave is undesired as it can introduce traveling waves in the structure that can inhibit or interfere with the resistive wall amplification mechanism. In addition, the phase velocity of this below-cutoff EM wave is negative, which can give rise to backward wave oscillation. Losses must be introduced into the structure to ensure that the EM wave is sufficiently damped to prevent device oscillation.
However, we used the presence of this EM wave to characterize the EM behavior of the meander line implementation of the ENG liner. In particular, we compared the analytic dispersion curve of a parallel plate waveguide with an anisotropic ENG layer to the eigenmode simulation results of the configuration with the meander line elements. These simulations provide confirmation that the meander line elements are properly emulating a finite thickness ENG structure, whereas the simulation results of Section III assumed a 3-D infinite structure.
To obtain the dispersion relation of an anisotropic Drude lined parallel plate waveguide, it is necessary to solve the equation presented in [12] 
In (14), the x-direction wavenumber in the vacuum is
and that in the liner is
where ε x,2 , ε z,2 , and μ y,2 are the x-direction permittivity, zdirection permittivity, and y-direction permeability of the liner, respectively. In addition, c 0 is the speed of light in free space, ε 0 is the permittivity of free space, and d 1 and d 2 are defined in Fig. 1 . Using the meander line elements to create the metamaterial gives rise to a negative permittivity response in the x-direction, but a free space permittivity in the axial direction (ε x = E NG, ε z = ε 0 ). To measure the meander line's response in the parallel plate configuration, an eigenmode simulation was used to calculate the dispersion, which was compared with the analytic dispersion. Fig. 7 presents the eigenmode model that was used to measure the structure's dispersion. In the eigenmode model, the front and back surfaces are periodic boundary conditions where the phase shift is varied. The top and bottom boundaries are perfect electric conductor (PEC) surfaces and the left and right boundaries are perfect magnetic conductor (PMC) boundaries used to model an infinite parallel plate configuration. The meander elements are constructed of PEC and have a finite thickness. The period of the eigenmode structure is 4 mm and the other model dimensions are presented with Fig. 7 .
It is also possible to imagine how a noninfinite version of the MTM structure could be constructed using this meander based design. A cylindrical configuration would use the meanders similar to those in Fig. 7 , but the meanders would be placed around the perimeter of the cylindrical waveguide and aligned in the radial direction, instead of the x-direction, as shown in Fig. 7 . A rectangular implementation of this structure could Fig. 7 . Single period of the metamaterial structure used for an eigenmode simulation to calculate the dispersion. The meander line elements are 15-mm wide, have a z-direction finite thickness of 0.1 mm, the linewidth is 0.15 mm, the wire gap is 0.6 mm, the height of each meander h 2 is 5 mm, the overall height of the structure h 1 is 30 mm, and a width w of 25 mm. The period of the structure was 4 mm. Fig. 8 . Dispersion of the parallel plate ENG lined structure simulated using an eigenmode simulation of CST and compared with two analytic solutions of (14) using (8) , where ω p = 2.05 GHz and ω c = 1 for ε x,2 , the permittivity of free space for ε z,2 , and the permeability of free space for μ y,2 . be created by using several repetitions of this structure along the y-direction and eventually terminating the edges in PEC wall. The theoretical analysis for both the cylindrical and rectangular finite structures would be similar to the theory presented here but additional boundary conditions would have to be considered. In addition, in a finite structure, the EM mode that exists in those structures is a hybrid mode, not a pure TM mode, further complicating the analytic theory. Fig. 8 presents the simulated dispersion of the structure shown in Fig. 7 and compares it with the dispersion diagram obtained by theoretical analysis of a parallel plate waveguide lined with an anisotropic Drude medium (labeled Analytic Drude 1). Fig. 8 also presents the light line and the dispersion line of a 20-kV beam for reference. These simulations provide confirmation that the meander line elements are properly emulating a finite thickness ENG structure. Note that both liners exhibit the propagating TM mode, and that they share the same effective plasma frequency and similar (negative group velocity) dispersion over a finite range of wavenumber, β. Fig. 7 , appear to electromagnetically emulate a thinner plasma layer than the height h 2 . We have investigated various meander heights and found that this trend appeared consistent, where the dispersion curve had much better agreement with an analytic solution that assumes a Drude slab that was thinner than h 2 .
We can further investigate this behavior, where the meander elements appear to emulate a thinner Drude liner, by examining the current flow on the meander line elements. Fig. 9 shows the current flow on the top meander element of the simulation presented in Fig. 7 . The current flow observed on the meander along the bottom of the waveguide is very similar, but a mirror image. It is possible to see in Fig. 9 that the current flow on the lower two meanders of the meander line is much smaller than the current flow on the remaining portion of the structure. The lower current means that the lower meanders do not have a large EM effect on the overall system. Therefore, the 5-mm-tall meander appears to electromagnetically have a shorter effective height. This shorter effective height demonstrates why the dispersion of this structure agrees well with a thinner Drude liner.
V. PARTICLE IN CELL SIMULATIONS OF THE
PERIODICALLY SPACED INDUCTIVE MEANDERED LINE ME-RWA CST Particle Studio [13] was used to conduct PIC simulations of the parallel plate configuration of the ME-RWA. The ME-RWA model was constructed to simulate a device similar to the design shown in Fig. 1 , but the lossy metamaterial liner has been replaced with a periodic arrangement of the metamaterial configuration presented in Fig. 7. Fig. 10 shows the CST model of the parallel plate ME-RWA. To simulate an infinitely wide, parallel plate configuration, we applied PMC boundary conditions to the y min and y max boundaries. Fig. 10 . Practical parallel plate ME-RWA model constructed in CST Particle Studio. The periodically spaced inductive meandered line implementation of the metamaterial used the meander line elements, embedded in a lossy material. Two separate particle sources were used to generate two separate 2-mm-thick sheet beams. The electron beams are passed through a resonant cavity to cause velocity modulation before being injected into the drift tube of the ME-RWA device.
Instead of using a single sheet beam, as presented in the theoretical analysis, two separate thinner sheet beams were used, as shown in Fig. 10 . One sheet beam passed slightly below the top metamaterial structure while the second sheet beam passed slightly above the bottom metamaterial structure. Two sheet beams were used for two purposes. First, using a smaller beam that travels near the surface of the metamaterial liner, rather than a sheet beam that fills the entire drift tube space, is a closer representation of what our future experimental configuration is anticipated to be. Second, the EM TM mode has an axial electric field along the center of the waveguide. Therefore, by placing the electron beam off axis, it is more difficult to excite the EM TM mode that can lead to backwards wave instability.
The use of two sheet beams is a Cartesian equivalent to using an annular beam in a cylindrical configuration. If this device were to be constructed, we do not believe that the two beams have any fundamental disadvantage to a single beam besides the inherent difficulty of emitting from two surfaces instead of one. Since the beam is interacting with a space charge wave in the liner, and not an EM wave, we do not believe that the two sheet beams would have to be phase synchronized or symmetric. On the other hand, we do not see an advantage to using unsynchronized or nonsymmetric beams. If the two beams were not phase synchronized, overall performance and efficiency of the device may slightly degrade as a result of the two beams weakly interacting with each other. In addition, it is not anticipated that the two beam would phase lock requiring a more complicated output structure that would have to compensate for the phases and combine the signals to achieve maximum efficiency. Further simulations would be required to verify these claims.
Each sheet beam had a potential of 20 kV, a thickness of 2 mm, and a current density of 2 A/cm 2 , and was injected from the right end of Fig. 10 in the z-direction. To velocity modulate the electron beam, the beam was passed through a short but infinitely wide cavity. The cavity had a conducting wall (PEC) on the bottom surface and was excited from the top surface with an EM port. The port was configured to operate in the fundamental (E z ) mode and the cavity height was selected to focus an axial (E z ) field at the center of the electron beam. The height of the cavity was varied with the operating frequency to ensure a maximum electric field occurred at the center of the electron beam. A strong 1-T static magnetic field was imposed along the axis of the beam to limit electron motion to the z-direction.
To more effectively cause the velocity modulation, two transparent PEC sheets were added to the simulation at the two z positions where the resonant cavity intersects the drift tube. These PEC sheets functioned as walls of the cavity to allow for the fundamental mode of the cavity to be excited but were 100% transparent to the electron beam. These transparent surfaces would be similar to using a wire mesh structure, which the beam was passed through.
Using Fig. 1 as a reference for the dimension labels, the PIC model used the following dimensions: d 1 = 1 cm, d 2 = 1.5 cm, and b = 9 mm. The thinner sheet beams were each 2-mm thick and were placed with the top surface of the beam at b. The width of the simulation, w, is 25 mm and the length of the metamaterial shell is 1 m. At the axial end of the structure, a PML is used to absorb EM energy and is configured to prevent regenerative oscillation.
To introduce loss to the simulation, a background loss was added to the metamaterial liner (only in the area of the meander elements, i.e., d 1 < x < d 2 ). This background loss was simulated by changing the host medium of the meander line structure to a "lossy air" where the permeability and real permittivity are equal to that of free space but the conductivity is nonzero. It is expected that the practical implementations of this background loss will be implemented through the use of lossy graphite blocks, increasing the loss of meander elements, or the use of colloidal graphite.
The model was simulated for 75 ns, and the particle velocity versus position was evaluated to measure the gain rate of the system. The gain rate was measured by evaluating the exponential growth of the ac component of the particle velocity before beam saturation, as described in [3] .
In addition to using two separate electron sheet beams, we have also demonstrated that the meander-based metamaterial liner does not behave exactly like a Drude liner of the same thickness. Therefore, to provide an accurate analytic case to compare to, it was not appropriate to use the theoretical description used in Fig. 2 where the sheet beam filled most of the drift tube and the Drude model was the full 5-mm thick. Therefore, the analytic result had to be calculated for a "modified" configuration of the device shown in Fig. 11 . In the modified theoretical model, we have assumed that the metamaterial liner had a Drude-type response for the x-directed permittivity, ω p = 2.05 GHz and ω c = 1 Hz. In addition, to account for the background loss we have added, the x-directed permittivity also includes an added loss component where σ = 0.05 [i.e., ε x = 0 ε r − j σ/ω, ε r Fig. 11 . Configuration of the simulation (left) compared with the configuration used for theoretical comparison (right). In the simulation, h 2 = 5 mm, g 1 = 1 mm, b = 2 mm, and x 1 = 7 mm. In the theoretical configuration, h 1 = 2.5 mm, g 2 = 3.5 mm, and b = 2 mm. The theoretical configuration used a thinner liner along with a larger vacuum gap between the beam and the liner to compensate for the effective height of the meander elements. In addition, the theoretical configuration used an on-axis beam to compare to the two sheet beams of the simulation. Both models used electron beams with identical current density. Fig. 12 . Gain rate calculated by measuring the growth of the ac component of the electron beam's velocity modulation from the simulations conducted in CST using the model shown in Fig. 10 . The simulated gain rates are compared with the theoretical gain rate of the configuration discussed in Fig. 11 . from (8) ]. The z-direction permittivity was equal to free space plus the loss term (i.e., ε z = ε 0 − j σ/ω). The liner had a thickness of 2.5 mm. The thickness of the liner and the values selected for the permittivity were taken from the best fit of the dispersion diagram, Fig. 8 . To account for the shortened effective height of the meander elements, the theoretical model used a larger gap between the electron beam and the Drude liner than the gap between the beam and the meander elements in simulation (i.e., g 1 = 1mm and g 2 = 3.5mm). Finally, the modified theoretical configuration used an electron beam that was on-axis and axis-symmetric, but had the same current density and thickness as the beam in simulation. Moving the beam to on-axis is an estimation of the simulated hollow beam configuration and allowed for the theoretical model presented in Section II to be used. Fig. 12 shows the calculated gain rate of the PIC simulation for various frequencies with a comparison to the analytical result. The analytic curve presented in the results is produced by calculating (1)-(8) and using the structure in Fig. 11 .
The results presented in Fig. 12 demonstrate good agreement between the PIC results and the modified theoretical configuration. The PIC gain rates are within approximately 3 dB of the analytical curve. In these simulations, we have used a liner loss that is greater than necessary to ensure stability. The gain rate could be increased if the loss of the liner is decreased. However, if the loss of the liner is decreased by too much, the backwards wave instability will arise. In addition, it is also possible to increase the current density of the electron beam to increase the gain rate.
In Fig. 12 , the gain rates are lower than those shown in Fig. 2 because of the reduced effective liner height. The gain rate should increase, if a taller meander (larger h 2 in Fig. 7 ) was used to emulate a thicker Drude layer. Therefore, by using taller meander elements to emulate a 5-mm Drude liner (approximately 8-mm tall meander elements), it should be possible to realize gain rates closer to those presented in Fig. 2 . Nevertheless, the results presented in Fig. 12 clearly demonstrate that this structure is capable of supporting metamaterial-enhanced resistive wall gain.
VI. CONCLUSION
This paper demonstrated that a practical ME-RWA is realizable. The competing requirement of close wire spacing for metamaterial response and larger wire spacing needed to emulate the proper plasma frequency made the use of a simple wire grid implementation impractical in an ME-RWA. However, we have demonstrated that the addition of lumped element inductors and, subsequently, the use of meander line wires overcome the wire spacing constraints, and successfully emulate a thin Drude-type liner. Using an analysis of the dispersion curve of the structure, we have demonstrated that a meander element-based metamaterial in a planar configuration emulates a Drude-type liner with an effective height less than the height of the meander elements. Finally, we have conducted the PIC simulations of the periodically spaced inductive meandered lines metamaterial structure, constructed of meander line wire elements and demonstrated gain from the ME-RWA.
APPENDIX A THEORETICAL EQUATIONS FOR ANISOTROPIC RWA
To determine the gain of an ME-RWA with an anisotropic liner, it is important to evaluate the admittance of the liner, as seen by the electron beam. To evaluate the admittance of the liner, we will examine the field profile. The admittance at the edge of the wall, in a parallel plate scenario, is the negative ratio of the TM field to the axial electric field at the location of the wall. Mathematically, the admittance of the wall is
For a lined parallel plate, the fields in the liner will have cosine and sine basis functions. If we assume a TM field, we can write the magnetic field in the liner as 
using the coordinate system shown in Fig. 1 
It is then possible to use the boundary condition of the problem (tangential electric field must go to zero at the outer PEC, d 2 ) to simplify the wall admittance. In particular
gives
Therefore, the wall admittance can be finally written as
Finally to obtain the admittance at the edge of the beam, we must transform the wall admittance using equations for a cutoff transmission line. The input admittance is then
